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Protein kinase inhibitors are potent anticancer therapeutics. For
example, the Bcr-Abl kinase inhibitor imatinib decreases mortality
for chronic myeloid leukemia by 80%, but 22 to 41% of patients
acquire resistance to imatinib. About 70% of relapsed patients har-
bor mutations in the Bcr-Abl kinase domain, where more than a
hundred different mutations have been identified. Some muta-
tions are located near the imatinib-binding site and cause resis-
tance through altered interactions with the drug. However, many
resistance mutations are located far from the drug-binding site,
and it remains unclear how these mutations confer resistance.
Additionally, earlier studies on small sets of patient-derived imati-
nib resistance mutations indicated that some of these mutant pro-
teins were in fact sensitive to imatinib in cellular and biochemical
studies. Here, we surveyed the resistance of 94 patient-derived
Abl kinase domain mutations annotated as disease relevant or
resistance causing using an engagement assay in live cells. We
found that only two-thirds of mutations weaken imatinib affinity
by more than twofold compared to Abl wild type. Surprisingly,
one-third of mutations in the Abl kinase domain still remain sensi-
tive to imatinib and bind with similar or higher affinity than wild
type. Intriguingly, we identified three clinical Abl mutations that
bind imatinib with wild type-like affinity but dissociate from ima-
tinib considerably faster. Given the relevance of residence time for
drug efficacy, mutations that alter binding kinetics could cause
resistance in the nonequilibrium environment of the body where
drug export and clearance play critical roles.
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matinib, a selective inhibitor of Bcr-Abl kinase, reduced the

mortality from chronic myeloid leukemia (CML) by 80%
within a decade of its approval by the Food and Drug Adminis-
tration in 2001 (1, 2). Of the patients treated with imatinib in
the chronic phase, 95% achieve a complete hematologic remis-
sion and 60% a major cytogenetic response. However, most
patients in blast crisis either fail to respond or quickly relapse
following an initial response to imatinib. Mutations within the
Ber-Abl kinase domain (KD) are the most common cause for
relapse (3). Over 1,000 substitution mutations throughout the
KD have been identified in relapsed patients and are presumed
to confer resistance to imatinib therapy (4, 5). Most of these
mutations are located in areas of the KD that are involved in
imatinib binding, including mutations at the imatinib-binding
pocket, nucleotide-binding (P-loop) mutations, and activation
loop (A-loop) mutations (6). Interestingly, more than 50% of
the mutations in the Catalogue of Somatic Mutations in Cancer
(COSMIC) (7) or Memorial Sloan Kettering’s Precision Oncol-
ogy Knowledge Base (OncoKB) (8) databases lie outside these
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areas. Early studies on small sets of KD mutants showed that
some clinically observed imatinib resistance mutations lost
sensitivity to imatinib, while others showed little or no
change (9). Furthermore, for some of these mutants, the bio-
chemical and cellular imatinib sensitivities do not correlate
(10). For example, the Abl E355G mutant remains sensitive
to imatinib in biochemical assays but only manifests its resis-
tance in the context of cells (9). This observation could be
explained based on several factors: 1) the purified mutant
kinase constructs lack domains that facilitate resistance in
the context of full-length Bcr-Abl expressed in cells, 2)
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We performed an in-cell screen of imatinib binding against a
library of Abl kinase mutants derived from patients with
imatinib-resistant chronic myeloid leukemia. The majority of
mutations readily bind imatinib, posing the question of how
these mutations cause resistance in patients. We identified
several kinetic mutants, one of which binds imatinib with
wild-type affinity but dissociates considerably faster from the
mutant kinase. Using NMR and molecular dynamics, we found
that this mutation increases the conformational dynamics of
the mutant protein, linking conformational dynamics of the
protein to drug dissociation. The results underline the impor-
tance of drug dissociation kinetics for drug efficacy and pro-
pose a kinetic resistance mechanism that may be targetable
by altering drug treatment schedules.
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mutations may increase kinase activity or biological stability
in cells, or 3) mutations could increase cellular autophos-
phorylation of Ber-Abl (11).

Here, we propose a general mechanism that mutations can
cause resistance not by altering the equilibrium binding affinity
but rather by altering binding and dissociation kinetics. To illu-
minate this mechanism, we characterize a clinically observed
mutation with significantly accelerated dissociation kinetics
associated with relapse from imatinib therapy.

In contrast to most biochemical and cellular assays that
employ a constant drug concentration over time (4, 5, 9), the
plasma drug concentration of patients fluctuates over time
because of drug pharmacodynamics and pharmacokinetics (12,
13). Under constant drug concentration, the affinity of the drug
for the receptor is the major contributor to drug efficacy; how-
ever, in the nonequilibrium environment of the body, drug
binding and dissociation are coupled to other dynamic pro-
cesses such as drug export and excretion that can limit drug
efficacy. Drug—target residence time, defined as the inverse of
the dissociation rate, has emerged as an excellent predictor of
drug efficacy in certain contexts (14, 15, 16). Strategies aimed
at prolonging drug-target residence time and minimizing off-
target binding (i.e., kinetic selectivity) can drive drug efficacy
(14, 15, 16). Indeed, many successful kinase inhibitors such as
imatinib and lapatinib have long residence times during which
they elicit a pharmacological effect (12, 17, 18-20). An earlier
study on Bruton’s tyrosine kinase inhibitors showed that faster
inhibitor dissociation correlated with lower efficacy (21). Based
on these findings, we propose here that mutations can cause
drug resistance by increasing dissociation rates, thereby
decreasing drug residence times and reducing target inhibition
in the nonequilibrium environment of the cell.

Here, we test how 94 patient-derived and resistance-
associated Abl mutants affect imatinib affinity and binding
kinetics in live cells. We use a cell-based assay technique
(NanoBRET) that employs bioluminescence resonance energy
transfer (BRET) to directly measure molecular interactions
between inhibitors and their kinase target in real time (22, 23).
This workflow represents a broad-spectrum analysis of the tar-
get engagement characteristics of the full range of mutations in
a clinically relevant kinase. We envision that this will serve as a
paradigm for further investigation of analogous mutations in
other kinases such as epidermal growth factor receptor
(EGFR).

This technique has been recently used to study libraries of
inhibitors against 178 full-length kinases (24). We present a
study in which a library of resistance-associated mutant kin-
ases is screened for target engagement and residence time in
live cells. We find that two-thirds of the tested clinically
observed imatinib resistance mutations in Abl kinase signifi-
cantly reduce drug affinity, whereas one-third bind imatinib
with similar or tighter affinity than Abl wild type (wt). These
values correspond with previous measurements of imatinib’s
effect on Bcer-Abl autophosphorylation and cell viability in
resistance-associated mutations (25). We identified three
imatinib resistance mutations, N368S, V299L, and G251E,
that have similar imatinib affinity as Abl wt but increased
imatinib dissociation rates. We propose here that clinical Abl
mutations may cause drug resistance by suppressing the pro-
tracted residence time of imatinib in a pathophysiological
setting.

Results

To measure kinase engagement in live cells, we used a recently
described technique that employs BRET (NanoBRET) as a
proximity-based measure of imatinib binding (26). Previously,
this technique has successfully been applied to quantify
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compound engagement over a number of intracellular target
proteins (22, 23). Briefly, a reporter complex forms inside
live cells when a cell-permeable fluorescent probe molecule
(tracer) binds to the ATP-binding site of a luciferase-tagged
full-length target protein. In the presence of a cell-permeable
luciferase substrate, the reporter complex emits a BRET sig-
nal. The addition of an unlabeled test compound (e.g., imati-
nib or dasatinib) disrupts the reporter complex and decreases
the BRET signal. Our NanoBRET tracers were based on
adenosine triphosphate (ATP)-competitive kinase inhibitors
that directly compete with the tested inhibitors for the same
binding site on the kinase (24).

Two-Thirds of Imatinib Resistance-Associated Mutations Bind Imati-
nib with Weaker Affinity than Abl wt. We selected 94 mutations
in Abl KD mutations from the COSMIC (7) or OncoKB (8)
databases that were annotated as disease relevant (OncoKB)
or resistance causing (COSMIC) (SI Appendix, Table S1).
Some mutations are located in the ATP-binding site where they
are likely to interfere with imatinib binding; however, many
mutations are distal to the imatinib-binding site, and their
resistance mechanism is unclear (Fig. 14). We introduced indi-
vidual point mutations to full-length Abl kinase fused to the C
terminus of NanoLuc luciferase (Abl1-Nluc) for expression in
human embryonic kidney (HEK293T) cells.

Imatinib bound to Abl wt with a cellular affinity (ICsy) of
0.44 = 0.10 pM at equilibrium. For two-thirds of resistance-
associated mutants (63 out of 94), the affinity for imatinib was
weakened at least twofold (ICsp > 0.8 uM) (Fig. 1 B and C). At
the standard dose of 400 mg daily, imatinib’s free serum con-
centration fluctuates from a mean maximum concentration of
44 = 1.3 pM to a mean plasma trough concentration of 2 *
1.4 uM (27). This indicates that in a population of patients, the
trough plasma concentration would fall as low as 0.6 pM, which
is below the ICsq of one-third of the tested mutants. The
mutants that most drastically compromised imatinib affinity
included the gatekeeper mutant and P-loop mutations, which
had more than eightfold higher imatinib ICsy values (S7
Appendix, Table S2). We were surprised to find that one-third
of imatinib resistance mutations bound imatinib equally or
more potently than wt. The mutation that most drastically
increased imatinib affinity was Abl L298F, which increased ima-
tinib affinity fourfold over Abl wt (ICsq = 0.1 pM).

About 85% of mutants (80 out of 94) bound to dasatinib with
similar affinity as Abl wt (cellular ICsy of 0.0043 pM) (Fig. 1B).
Only 15% (14 out of 94) of all the mutations tested had twofold
weaker dasatinib affinity than Abl wt, consistent with the clinical
use of dasatinib as a second line therapeutic following emergence
of imatinib resistance. Furthermore, mutations with weaker dasa-
tinib affinity also showed weaker imatinib affinity. Exceptions to
this were the mutations at F317, with F317I/T/V all remaining
sensitive to imatinib, despite compromising dasatinib affinity
(Fig. 10).

Abl N368S Binds Imatinib with High Affinity but Dissociates More
Rapidly. Since a large fraction (31 out of 94) of imatinib resis-
tance mutations still bound imatinib with affinity similar to wt
Abl, we determined the effect of mutation on cellular imatinib
dissociation kinetics. Our rationale was that mutations might
cause resistance by altering drug affinity or dissociation kinet-
ics. We used NanoBRET assays to measure the real-time imati-
nib and dasatinib dissociation kinetics of mutants with wt-like
imatinib affinities in live cells (Fig. 2 4 and B and SI Appendix,
Table S6). In brief, Abl kinase was expressed in HEK293T cells
preloaded with imatinib or dasatinib, and excess drug was
washed out. An excess of fluorescent tracer was added that
bound to Abl as imatinib/dasatinib dissociated, resulting in an
increased BRET signal.
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Imatinib and dasatinib dissociated slowly from Abl wt
with half-lives of 20.1 and 43.2 min, respectively. When
comparing the correlation between drug half-life and affin-
ity (Fig. 2 A and B), we found that the mutant panel varied
more from wt when treated with imatinib (average distance
normalized to wt values: 3.94) than dasatinib (distance:
1.1). This is consistent with mutations identified in
imatinib-resistant CML and not selected for dasatinib
resistance. We found that seven mutants dissociated at
least twice as fast from imatinib as Abl wt. Of those, Abl
G251E exhibits both an increased imatinib affinity and
faster dissociation (0.12 pM and 6.8 min). A mutation at
the same site, G251D, has reduced imatinib affinity (1.5

Lyczek et al.
Mutation in Abl kinase with altered drug-binding kinetics indicates a novel
mechanism of imatinib resistance

puM) compared to wt (0.44 uM), but its dissociation from
imatinib is more than 15 times faster (1.2 versus 20.1 min).
Abl N368S, a mutation that has only been reported once
(28), dissociated three times faster (half-life 6.6 * 0.7 min)
but bound imatinib with similar affinity as wt (0.44 = 0.2
uM, 0.44 = 0.14 pM respectively) (Fig. 2C). This effect was
specific to imatinib, as dasatinib dissociated from Abl
N368S and Abl wt with near-identical kinetics (43.8 and
43.2 min, respectively) (Fig. 2D). The sites of the kinetic
mutations are frequently altered in different kinases and
various cancer types with 13 mutations across eight kinases
reported for G251 and nine mutations in four kinases
reported for N368 (29).
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Enzymatic Activity of N368S KD Requires Activation Loop
Phosphorylation. The asparagine at position 368 in Abl wt is
nearly universally conserved among kinases (Fig. 34) (30). The
sidechain of N368 forms hydrogen bonds with D381 and the
catalytic aspartate D363 when the kinase is in the active confor-
mation and the aspartate sidechain of the Asp-Phe-Gly (DFG)
motif faces into the active site (DFG-Asp-in conformation)
(Protein Data Base [PDB] entry 2G2I) (Fig. 3B). Both D381
and D363 coordinate Mg”>*/ATP, and they are required for
catalysis (31, 32). Therefore, we speculated that N368 could be
critical for enzyme activity as well.

We expressed and purified unphosphorylated Abl KD to
characterize the N368S mutant biochemically. Abl N368S was
predicted to be stable according to FoldX calculations, and the
experimental melting temperature of Abl N368S (46.05 =+
0.13°C) was virtually identical to that of Abl wt (45.69 =+
0.07 °C) (SI Appendix, Fig. S1). Next, we determined how the
N368S mutation affected the affinity of Abl KD for imatinib.
The intrinsic protein fluorescence of Abl decreases upon imati-
nib binding and therefore can be used as a readout for imatinib
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binding (33). Consistent with our cellular NanoBRET assays, we
found that the dissociation constant (Ky) of imatinib for purified
Abl N386S (K4 = 11.8 = 0.9 nM) was only 1.5-fold higher than
that of Abl wt (8.4 = 0.8 nM), making it unlikely that this differ-
ence contributes to inhibitor efficacy in vivo (Fig. 3E).

When evaluating the enzymatic activity of Abl N368S KD,
we were surprised that unphosphorylated Abl N368S had no
detectable catalytic activity (k.,, unmeasurable) compared to
Abl wt (keye = 129.0 = 31.5 min’l). However, the activation
loop phosphorylation of N368S by Hck increased kinase activity
(Keae = 36.9 + 17.6 min™'). This phosphorylation activity was
still sevenfold lower than the activity of Abl wt phosphorylated
at the activation loop by Hck (k. 258.0 = 52.2 min’l)
(Fig. 3C). Next, we determined how the N368S mutation
affected the Michaelis-Menten constant (K,,) of Abl KD for
ATP. We found that activation loop—phosphorylated Abl (pAbl)
N368S (K" = 110.3 = 1.9 uM) had greater than twofold K,
for ATP as pAbl wt and nonphosphorylated Abl wt (K,,"™" =
53.2 £ 8.9 uM) (Fig. 3 D and F). This suggested that the muta-
tion had a twofold lower ATP affinity, and therefore, increased

Lyczek et al.
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mechanism of imatinib resistance
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Fig. 3. Characterization of the Abl N368S mutation. (A) Sequence alignment of human protein kinases represented as weblogo. The size of the letters
reflects the degree of conservation, and numbering is according to Abl1A numbering. Asparagine 368 is as highly conserved as the catalytic His-Arg-Asp
(HRD) and the DFG motif. (B) Structural overview of Abl N368 in the active conformation (PDB entry 2G2I). The sidechain of N368 is near the nucleotide
and is positioned to form hydrogen bonds with the catalytic aspartate D363 and D381 in the DFG motif. (C) Kinase activity of purified Abl N368S is unde-
tectable in the absence of activation loop phosphorylation (designated as pAbl). (D) The Michaelis-Menten constant for ATP of purified pAbl N368S is
twofold higher than that of pAbl wt. (E) The affinity of purified Abl N368S for imatinib determined by a spectroscopic-binding assay is slightly weaker
than for Abl wt. (F) BaF3 cells expressing Bcr-Abl wt, T315l, or N368S. BaF3 cells expressing N368S are equally sensitive to imatinib as cells expressing
Bcr-Abl wt. (G) BaF3 cells expressing imatinib resistance mutations T3151 or N368S exhibit a faster doubling time in the absence of imatinib. ns: P > 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.

competition between ATP and imatinib was not the mechanism
behind N368S’s resistance phenotype.

N368S Affects Drug Dissociation Kinetics of Isolated KD. It is con-
ceivable that regulatory domains, interactions with cellular pro-
teins or ligands, or biological processes such as protein turnover
facilitate the faster dissociation of imatinib from Abl N368S in
cells. Thus, we determined whether purified Abl N368S KD also
showed an increased rate of imatinib dissociation using a

Lyczek et al.
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competition assay between the two ATP-competitive drugs
bosutinib and imatinib. Upon binding to Abl kinase, bosutinib
fluorescence at 460 nm increases, making it a useful probe to
monitor inhibitor binding to kinases (34, 35). Briefly, after the
formation of Abl-imatinib complexes, we add a 25-fold molar
excess of bosutinib. Bosutinib competes with imatinib for the
ATP-binding site, and upon binding, there is an increase in fluo-
rescence at 460 nm. We found that imatinib dissociated twofold
faster from Abl N368S than from Abl wt at 25, 32, and 37 °C
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(Fig. 44). Similarly, imatinib dissociated twofold faster from
phosphorylated Abl N368S than from Abl wt at 25, 32, and
37 °C (Fig. 4B). These results suggested that faster imatinib dis-
sociation from full-length Abl N368S in cells is directly caused
by an increased inhibitor off rate from the KD.

Faster Imatinib Dissociation From Abl N368S Is pH Independent. We
showed previously that the rate of imatinib binding to Abl KD
is pH dependent. For imatinib to bind, the sidechain of Asp381
in the DFG motif must rotate from a position where it faces
into the active site (DFG-Asp-in) to an orientation where it
faces the solvent (DFG-Asp-out), a process referred to as the
DFG-flip. The protonation of Asp381 reduces the energetic bar-
rier for the 180° crankshaft-like rotation of the DFG motif and
increases the imatinib-binding rate without changing the affinity
(36). This indicates that the DFG-flip may be the rate-limiting
step for the imatinib-binding process. The kinetics of the DFG-
flip and further conformational exchange between Abl’s active
conformation and the inactive binding-competent conformation
are acutely sensitive to changes in pH (36, 37). Given the proxim-
ity of the N368 residue to D381, we wanted to investigate
whether the N368S substitution subtly altered D381’s protonation
state, thereby affecting the rate-limiting DFG-flip.

We determined how pH affected the kinetics of imatinib
binding to Abl wt and N368S using our previously described
fast transient stopped-flow assay (33). We found that the rate
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constants for imatinib binding (k,,) and the DFG-flip (k,*)
were about 30% slower for N368S (k, = 0.096 * 0.006 prl .
s ' and k,,* = 14.6 s~ !, respectively, at pH 8.0) than for Abl wt
(kon = 0.143 = 0.076 pyM - s ' and k., * = 21.4 s, respectively,
at pH 8.0) across the pH range (Fig. 4 E and F) (36).

Next, we tested whether the dissociation rate of imatinib
from Abl is pH dependent, which would indicate that the
DFG-flip was rate limiting for imatinib dissociation. We mea-
sured imatinib dissociation kinetics at different pH conditions
ranging from pH 5.0 to 9.0. We found that for both Abl wt and
N368S, imatinib dissociation kinetics were independent of pH.
This makes it unlikely that the protonation-sensitive DFG-flip
was a rate-limiting step in imatinib dissociation. Imatinib disso-
ciated from Abl N368S twofold faster than from Abl wt across
the tested pH range (Fig. 4C). Likewise, imatinib dissociated
twofold faster from phosphorylated Abl N368S than from wt
across the tested pH range (Fig. 4D).

Taken together, these data show that compared to Abl wt,
faster imatinib dissociation from N368S is not facilitated by a
faster DFG-flip, which in fact is slightly slower in N368S.
Instead, the N368S mutation mainly alters the dissociation
process.

Ba/F3 Cells Expressing Bcr-Abl N368S Proliferate and Remain
Sensitive to Imatinib under Constant Drug Concentration. Next, we
determined whether the Abl N368S mutation had any effect on
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In vitro kinetics of imatinib binding and dissociation from purified Abl KD. (A and B) Dissociation kinetics of imatinib from unphosphorylated (A)

and activation loop-phosphorylated (B) Abl wt and N368S at various temperatures. (C and D) Dissociation of imatinib from unphosphorylated (C) and
activation loop-phosphorylated (D) Abl wt and N368S at various pH values. (E and F) Binding kinetics of imatinib to Abl wt and N368S at various pH
values yielding the rate constant of imatinib binding (E) and the rate constant of the DFG-flip (F).
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cellular proliferation. To show the relevance of the N368S
mutations for CML, we tested N368S in the context of Ber-Abl
using Ba/F3 cells. These cells are widely used in kinase drug
discovery because they can only survive in the absence of IL-3
if they constitutively express an enzymatically active tyrosine
kinase (38). Upon expression of enzymatically active human
Ber-Abl, murine hematopoietic Ba/F3 cells proliferate indepen-
dently of IL-3, and inhibition of Bcr-Abl kinase activity pre-
vents proliferation (1). Ba/F3 cells expressing the Bcr-Abl
N368S mutant proliferated in the absence of IL-3, which is fur-
ther evidence that the Ber-Abl N368S mutant is active in a cel-
lular context. We determined the imatinib cellular ICs, for
three cell lines expressing Ber-Abl wt or resistance-associated
mutations (wt, T315I, N368S). Imatinib inhibited the prolifera-
tion of cells expressing Ber-Abl wt and N368S with 1Cs, values
of 1.23 = 0.47 and 1.78 = 0.60 pM, respectively (Fig. 3F). We
used a cell line expressing the T3151 gatekeeper mutation as a
control and found that it was highly resistant to imatinib as
expected (ICsp = 36.6 = 12.0 pM). These results were in excel-
lent agreement with the NanoBRET target engagement results
for wt, N368S, and T3151 (ICsq values of 0.44 + 0.14 uM, 0.44
+ 0.2 pM, >10 pM, respectively), considering the use of differ-
ent cell lines and Abl construct in the different assays.

We also determined whether the presence of imatinib
resistance—associated mutations affects cell doubling time. We
found that doubling times were statistically significantly shorter
for Ba/F3 cells expressing Abl T315I (33.7 = 2.0 h) and N368S
(32.9 = 1.7 h) than for cells expressing Abl wt (51.9 = 1.1 h)
(Fig. 3G). Because of the exponential growth of cells, the 1.6-
fold faster doubling times results in 10 times more cells express-
ing N368S than wt after 300 h. Taken together, Ber-Abl N368S
accelerates cell proliferation and is inhibited by imatinib under
constant drug concentration similarly to wt.

The H-Bond Interaction between N368 and D381 Is Only Observed in
the DFG-in Conformation. Since drug binding and dissociation is
a dynamic process, we speculated that protein dynamics could
be affected by the N368S mutation. Therefore, we performed
12 500-ns molecular dynamics (MD) simulations with a self-
adjusted mixture sampling (SAMS)-enhanced sampling scheme
(39) that accelerates sampling of DFG-flip events. We chose
two different starting structures: Abl in the DFG-out conforma-
tion bound to imatinib (PDB entry 2HYY) and Abl in the
DFG-in conformation bound to dasatinib (PDB entry 2GQG).
Simulations were run for each of these starting models in the
presence and absence of the corresponding ligand and with and
without the N368S mutation. We employed two slightly differ-
ent SAMS biasing strategies, which we describe in Materials
and Methods.

Among the 12 simulations, we observed five DFG flips in the
apo simulations and none in the presence of ligands (S/
Appendix, Table S3). In four simulations of Abl wt and N368S,
the aspartate of the DFG motif flipped from a solvent-exposed,
outward orientation to an orientation facing into the active site
of the kinase (out-to-in flip). In one additional simulation of
N368S, the DFG motif flipped in the reverse direction (in to
out). This indicated that N368S could perform the DFG flip in
both directions.

Next, we investigated the H-bonding of Abl wt and N368S
within the active site. We found that the sidechain of N368
formed an H-bond with DFG-Asp only in the DFG-Asp-in
conformation (Fig. 5 4 and B), and those interactions were
absent in the N368S mutant. The H-bond between N368 and
D381 likely stabilized the DFG-in (active) conformation and
acted as a kinetic barrier for the DFG flip. Conversely, loss of
the H-bond in Abl N368S would be expected to destabilize the
active conformation, consistent with the low specific activity of
N368S. Next, we investigated how the N368S mutation affected
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the solution dynamics of the activation loop. Based on the
hydrogen-bonding pattern of Asn368, we hypothesized that
Asn368 could anchor the amino-terminal end of the activation
loop and helix «C. We therefore compared "H-'"N NMR peak
intensities for wt and N368S (Fig. 5C and SI Appendix, Fig. S3).
Sharper NMR peaks leading to higher signal intensities corre-
spond to increased solution dynamics. We found that several
residues within the activation loop of N368S showed increased
dynamics compared to wt. In particular, G383 in the DFG motif
exhibited a fivefold stronger signal relative to wt, indicating a
sharp increase in dynamics. Similarly, all residues in helix aC
that face the DFG motif showed increased dynamics in N368S.
This observation is consistent with the notion that in the N368S
mutant, the activation loop and helix aC become more dynamic.
In a separate study, we have performed MD simulations of the
dissociation process of imatinib from Abl wt and N368S (40).
These simulations quantitatively reproduce the experimentally
observed imatinib dissociation rates for wt and N368S. The MD
studies indicated that the flexibility of the activation loop and
helix aC are crucial for imatinib dissociation, consistent with our
experimental observations.

Discussion

In this study, we determined the target engagement of 94
resistance-associated mutations of Abl kinase for the cancer
drugs imatinib and dasatinib in cells. Surprisingly, we found
that one-third of imatinib resistance—associated mutations
remain sensitive to imatinib and bind with similar affinity as
Abl wt. One explanation could be that some mutations may not
cause resistance to imatinib, but they exist on the background
of other resistance mechanisms such as up-regulation of drug
exporters, down-regulation of drug importers, increased serum
protein binding, or overexpression of Src kinase (41-43). Given
that Ber-Abl activity underlies CML and imatinib still inhibits
Ber-Abl, in theory, the drug should still be an effective thera-
peutic. Importantly, this would indicate that approximately
one-third of mutations in the relevant databases are incorrectly
assigned. If identified in patient samples, the presence of these
mutations should not necessarily alter the clinical standard of
care. Imatinib could remain the first-line therapy for patients
harboring these mutations unless other clinical metrics indicate
disease resistance to imatinib.

Another potential explanation could be that these distal
mutations may destabilize the imatinib-binding competent con-
formation of Abl as demonstrated by a recent NMR investiga-
tion of key allosteric mutants (37, 44). A further dissection of
the remaining mutations in this context could further illuminate
AbI’s allosteric regulation.

Potential limitations of this Proof of Principle pilot study
include the use of full-length Abl instead of Bcr-Abl and the
use of HEK293T cells instead of a more disease-relevant hema-
topoietic cell line. Differences in the concentration, activity,
and localization of other proteins and ligands in Ber-
Abl-positive leukemic cells could affect drug-target engage-
ment. Therefore, we cannot exclude the possibility that some
mutations may be more resistant to imatinib in the Bcr-Abl
protein and in the context of leukemic cells. For example,
mutations might sensitize Abl to tetramerization via the Ber
region or to activation loop phosphorylation through other kin-
ases, leading to increased Abl activation loop phosphorylation
and reduced imatinib affinity (45).

To explore novel molecular resistance mechanisms, we deter-
mined the cellular drug dissociation kinetics for 34 Abl
mutants. Given that drug residence time is a better predictor
for drug efficacy than affinity alone (12, 14, 17), we predicted
that, conversely, mutations could reduce drug efficacy by reduc-
ing drug residence time. We found that Abl N368S, V299L, and
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G251E had similar imatinib affinity compared to wt, but their
imatinib dissociation was faster than wt. This observation posed
the possibility of kinetic drug resistance caused by mutations.
Interestingly, mutations at the analogous N368 position are
also present in BLK, BRAF, EGFR, and PTKG6 in patient can-
cer samples (29, 46), and BRAF N581S has been described pre-
viously as a sorafenib resistance mutation (47). Given the high
sequence conservation at the N368 position, this suggests that
this kinetic resistance mechanism may not be limited to Abl
alone. Such kinetic mutations may not be detectable in assays
with constant drug concentration, and their resistance pheno-
type may vary from patient to patient by other pharmacody-
namic and pharmacokinetic parameters. Importantly, kinetic
resistance mechanisms may be addressable by altering the
treatment schedule, for example, from a single daily dose to
multiple doses.
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Our biochemical and biophysical studies indicate that imatinib
dissociation is not a simple reversal of the binding process. Con-
sistent with such a mechanism, a recent computational study
using adaptive sampling between conformational “milestones”
proposes a dissociation pathway of imatinib from Abl where the
kinase lingers in the DFG-out conformation via a temporary
deformation of the N-lobe (48). To address the mechanism of
N368S, we performed extensive simulations of imatinib dissocia-
tion from wt and N368S kinase using infrequent metadynamics
(40, 49). This method captured qualitatively and quantitatively
the off rates for both systems and demonstrated how the faster
off rate for the mutant is a direct consequence of enhanced pro-
tein flexibility in the DFG region.

The work presented here is a study that systematically evalu-
ates a large panel of clinical mutations for drug engagement
and changes in residence time in live cells. This workflow
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provides a template for broader evaluations of disease-relevant
mutations and how such mutations impact drug affinity and
binding and dissociation kinetics.

With more clinical sequencing efforts of patient samples, we
expect that databases on disease-related mutations will grow
rapidly in size. Thus, our results indicate that the experimental
characterization of mutant phenotypes in cells remains essential
to distinguish mutations that are causal for observed clinical
phenotypes versus those observed in the background of other
biological processes.

Materials and Methods

Drug-Binding Studies. The KD of human c-Abl (UniProtID: P00519, residues
248 to 531), human Abl 1a numbering, was expressed in Escherichia coli and
purified with a Tobacco Etch Virus-cleavable His-tag as described previously
(50). NanoBRET assay for target engagement was performed in HEK293 cells
according to manufacturer’s conditions using a human Abl1a full-length con-
struct with an N-terminal fusion of NanoLuc luciferase.

Additional materials and methods are provided in S/ Appendix, including
detailed information on protein expression and purification, NMR spectros-
copy, tissue culture, Ba/F3 cell viability assays, NanoBRET assay for target
engagement and residence time, molecular simulations and drug affinity, and
drug-binding kinetics experiments with purified protein.
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